Citrus seeds represent substantial wastes of citrus-processing. Oils extracted from orange (Citrus sinensis), lemon (Citrus limon) and tangerine (Citrus reticulata) seeds were investigated. The seeds were removed from the fruits, washed, dried at room temperature, ground and the oils extracted using a Soxhlet extractor. The seed oils were analyzed in terms of the lipid content, fatty acid, tocopherol and carotenoid compositions, total phenolic content, oxidative stability and the radical-scavenging activity. The oil content of citrus seeds ranged from 34.92 to 41.66%. The oils showed high degrees of unsaturation and essential fatty acids. Oils exhibited also natural antioxidants specially tocopherols and phenolic compounds. Oxidative stability and antioxidant activity were influenced by unsaturated fatty acids and tocopherol contents in the analyzed oils.
Introduction
The genus Citrus, belonging to the Rutaceae family, is characterized by evergreen, small trees or shrubs, often spiny. The Rutaceae comprises about 150 genera and 1,500 species including some of the most cultivated and consumed fruits of the world, such as C. sinensis (orange), C. reticulata (tangerine), C. paradisi (grapefruit), C. limon (lemon) and C. aurantifolia (lime). These fruits, probably of Southeast Asian origin, are produced all around the world in many countries that have tropical and subtropical climates (Kale and Adsule, 1995) .
Brazil is one of the biggest global hubs in producing fruits, especially citrus. São Paulo state stands out for the cultivation of orange, lemon and tangerine. Great part of their production intends for juice making, which generates tons of waste, such as seeds that are often disposed, and thus increasing environmental pollution.
Besides a large scale in natura consumption, vast quantities of citrus fruits are processed mainly to obtain juice, but also, in the canning industry, to produce marmalade, and by the chemical industry to extract flavonoids and essential oils. Wastes from industrial processing are composed of peels, seeds and pulps representing 45 to 58% of the raw processed fruit (El-Adawy et al., 1999) .
Several phytochemicals may be detected in edible seed oils including tocopherols, carotenoids, phenolic and polyphenolic compounds, and special fatty acids such as α-linolenic acid. In addition to the phytochemical components, other important oil properties include oil stability and antioxidant activity.
Citrus seeds contain from 26 to 42% of oil and are a good source of K, Ca, Na, Fe and Mg (El-Adawy et al., 1999) . Saïdani et al. (2004) verified that oils extracted from Tunisian citrus seeds are mostly constituted of triacylglycerols that are rich in unsaturated fatty acids. Oils from citrus seeds native to Pakistan also showed to be an important source of essential fatty acids and tocopherols showing good potential for both human consumption and industrial applications (Anwar et al., 2008) . Fatty acid profile of musk lime (Citrus microcarpa) indicated that 73.6% of the fatty acids present were unsaturated and the oil showed the presence of volatile compounds (Manaf et al., 2008) .
The present study was conducted to evaluate orange, lemon and tangerine seed oils for their fatty acid profiles, tocopherol and carotenoid compositions, total phenolic contents, oxidative stabilities and antioxidant activities. The information obtained from this study can be used to contribute to the potential use of these citrus seed oils in food and pharmaceutical products representing a cheap raw material and helping to minimize waste disposal problems.
were diluted with hexane and 20 μL samples were injected. The samples were analyzed with a Varian (Walnut Creek, USA) HPLC, Pro-Star model, equipped with a fluorescence detector. The operating conditions of fluorescence detector were λ excitation 290 nm and λ emission 330 nm. A normal phase column (Microsorb 100 Si, 250 mm × 4.6 mm internal diameter with 0.5 μm particle size) was used with hexane/ isopropanol (99.5/0.5 v/v) as a mobile phase. The system was operated isocratically at a flow rate of 1.2 mL/min. The identification of tocopherols (α, β, γ and δ-tocopherol) was conducted by comparing the HPLC retention time with those of standard compounds (Supelco, Bellefonte, USA) under the same operating conditions and the quantification was based on an external standard method.
3. Carotenoid composition The carotenoids analysis was performed by HPLC after saponification of the citrus seed oils (1.5 − 5 g) according to the method described by De Sá and Rodriguez-Amaya (2003) . Carotenoid extracts were dried under N 2 stream and immediately before injection; the residues were redissolved in 1 mL HPLC grade acetone. The HPLC analysis was performed on a Waters separation system (Waters, Milford, USA), model 2690. A monomeric C18 column (Waters Spherisorb ODS2, 150 mm × 4.6 mm, 3.0 μm particle size) was used with mobile phase consisted of acetonitrile (0.05% of TEA):methanol:diethyl acetate at a flow rate of 0.5 mL/min. A concave gradient (curve 10) was applied from 95:0:5 to 80:10:10 in 20 minutes and to 60:20:20 in 30 minutes. Identification of the carotenoids was carried out as described by Rodriguez-Amaya (1999) , involving the combined use of the retention times, co-chromatography with authentic samples, the visible absorption spectra (λmax and spectral fine structure) obtained with the photodiode array detector. Quantification was by external standardization.
4. Total phenolic content The content of total phenolic compounds in methanolic extracts was determined by the Folin-Ciocalteu method (Singleton and Rossi, 1965) . One gram of oil was measured into a test tube and then 3 mL of methanol was added. The test tube was vortexed and then centrifuged at 704 g for 10 minutes and the supernatant was collected. This procedure was repeated twice more. All three extractions were combined and the final volume was brought to 10 mL with the extraction solvent. An aliquot (0.1 mL) of methanolic extract was placed in a volumetric flash (10 mL) and Folin-Ciocalteau reagent (0.5 mL) was added. After 3 minutes, saturated sodium carbonate (1.5 mL) was added. The flask was filled with water up to 10 mL. After 2 hourreaction at room temperature, absorbance at 765 nm against a reagent blank was measured using a UV-vis spectrophotometer (Shimadzu, Kyoto, Japan). Calibration was performed using gallic acid (Sigma-Aldrich, St Louis, EUA) and a cali-
Material and Methods
Material Fruits of three citrus species, orange (Citrus sinensis L. Osbeck), lemon (Citrus limon Osbeck) and tangerine (Citrus reticulata Blanco), of pera, rosa and ponkan varieties, respectively, were used in this study. As Brazil is a large citrus producer, oil extraction may add economic value to a large quantity of seeds that are generally discarded. Ripe fruits were purchased from the retail market of São José do Rio Preto, São Paulo, Brazil. Five batches of each fruit were obtained at different harvest periods. The seeds were manually removed from the fruits, lightly washed with distilled water and dried at room temperature for approximately two weeks. Then they were packed in black polyethylene recipients, sealed and stored at room temperature until they were used. Before the oil extraction experiments, the five seeds batches were homogenized all together in order to constitute only one.
Lipid extraction The seed oils were obtained by extraction with petroleum ether at 40 − 60℃ using a Soxhlet extractor for six hours following the American Oil Chemists' Society (AOCS, 1993) method. After extraction, the solvent was evaporated under reduced pressure at 60℃. The obtained oils were kept in amber glass bottles, flushed with nitrogen stream, sealed and stored in a freezer (−18℃). Methods 1. Fatty acid composition The fatty acid compositions of citrus oils samples (0.2 g) were analyzed using gas-liquid chromatography after transesterification. The fatty acid methyl esters (FAME) were prepared according to the procedure described by Hartman and Lago (1973) . The analyses of FAMEs were performed with a gas-liquid chromatograph Varian (Walnut Creek, USA), GC 3900 model, equipped with a flame-ionization detector, a split-splitless injector and an autosampler. FAMEs were separated by using a CP-Sil 88 fused silica capillary column (50 m length, 0.25 mm internal diameter and 0.20 μm film thickness). The column oven temperature was initially held at 50℃ for 2 minutes, heated at 4℃/min up to 240℃ and maintained at 240℃ for 20.5 minutes. The injector and detector temperatures were 230 and 250°C, respectively. Samples of 1.0 μL were injected adopting a split ratio of 1:50. The carrier gas was hydrogen with a flow rate of 30 mL/min. FAMEs were identified by comparing their retention times with those of pure FAME standards (Supelco, Bellefonte, USA) under the same operating conditions. The integration software computed the peak areas and percentages of fatty acid methyl esters were obtained as weight percentage by direct internal normalization.
2. Tocopherol profile The tocopherol composition was determined using high performance liquid chromatography (HPLC). Prior to the HPLC analysis, the seed oils (0.4 g) 50, 75 and 100 mg/mL). The antiradical power (ARP) was calculated as 1/EC 50 (Brand-Williams et al., 1995) .
Statistical analysis All experiments and measurements were replicated three times and the results were reported as mean values ± SD. The data were analyzed by analysis of variance and Pearson's linear correlations at 5% significance level using Statistica 5.0 (StatSoft Inc., Tulsa, USA). The average values were compared by Tukey test.
Results and Discussion
Fatty acid composition The lipid contents and fatty acid compositions of the oils extracted from orange, lemon and tangerine seeds are showed in Table 1 . High total lipid contents found in the seeds may be considered economically attractive for industrial extraction, especially when compared to other oilseed crops such as corn and soybean which show a lipid content of 3.1 − 5.7% and 18 − 20%, respectively (O'Brien, 2004) .
High percentages of palmitic (C16:0), stearic (C18:0), oleic (C18:1 n-9), linoleic (C18:2 n-6) and linolenic (C18:3 n-3) acids were observed in these oils. The fatty acids profiles of the three oils were similar and the linoleic was the major fatty acid with percentages between 38.89 and 44.31%.
Regarding to linolenic fatty acid, orange, lemon and tan-bration curve was prepared in the range 0 to 500 mg/L. 5. Oxidative stability index The oxidative stability index was determined by use of a Rancimat instrument (Metrohm Ltd., Herisau, Switzerland) following AOCS (1993) method. Oxidation was carried out at 100℃ with an airflow rate of 20 l/h, 3 g of sample and 60 mL of distilled water in vials containing electrodes. The oxidative stability index was defined as the hours for the oil sample to develop a measurable rancidity.
6. Antiradical activity against DPPH radical DPPH scavenging capacity of the citrus seed oils was determined according to the previously reported procedure using the stable 2,2-diphenyl-1-picryhydrazyl radical (DPPH) (Kalantzakis et al., 2006) . This method consists of spectrophotometric measurement of the intensity of color change in solution, depending on the amount of DPPH. The reaction was initiated by mixing 1 mL of the oil, previously diluted with ethyl acetate (1:10 w/w), with 4 mL of DPPH (10 -4 M). The mixture was vigorously shaken and able to stand for 30 min; the resulting solution absorbance was measured at 517 nm using a UV-vis spectrophotometer (Shimadzu, Kyoto, Japan). The amount of sample needed to decrease the initial DPPH concentration by 50% (EC 50 ) was calculated graphically by plotting the percentage of remaining DPPH, estimated according to a standard curve, against sample concentrations (10, 25, Commission, 2008) . Anwar et al. (2008) determined the composition of tocopherols in oils extracted from seeds of citrus species (C. paradisi, C. sinensis and C. reticulata) and also obtained as main tocopherols α and δ-tocopherols. Lemon and tangerine seed oils showed total carotenoid content higher than orange seed oil. The major carotenoids quantified in the citrus seed oils were β-cryptoxanthin, β-carotene and lutein. Lutein was the predominant carotenoid in the analyzed oils accounting for 59.4, 80.9 and 64.3% of total carotenoids to orange, lemon and tangerine seed oils, respectively. It was also observed that in the studied oils those that presented lower total tocopherols amounts (lemon and tangerine) had higher quantity of carotenoids.
Phytochemicals of Citrus Seed Oils
Orange and lemon seed oils showed higher total phenolic contents than tangerine seed oil. The total phenolic compounds (1007.77 − 1196.71 mg/kg) obtained in this study are higher than those verified by Siger et al. (2008) in conventional oils, as soybean, sunflower, corn, canola and rice (1.26 to 1.48 mg/100 g, caffeic acid equivalents).
Oxidative stability The oxidative stability index (OSI) of the citrus seed oils ranged from 7.43 to 12.23 h ( Table  3 ). The most stable and with the longest shelf life was the gerine seed oils showed percentages of 3.92, 8.96 and 3.34%, respectively. The lemon oil showed a considerable amount of linolenic fatty acid when compared to those of common vegetable oils such as corn (1.0%), soybean (7.8%) and rapeseed (9.9%) oils (Dubois et al., 2007) . The linolenic fatty acid content found in orange and tangerine oils were comparable to those reported for oils extracted of sweet lemon (3.89%), orange (3.44%) and mandarin orange (3.57%) seeds (Anwar et al., 2008) . Reda et al. (2005) found linolenic acid percentages of 7.60% for Rangpur lime (Citrus limonia Osbeck) and 10.00% for Sicilian lemon (Citrus limon) seed oils.
The orange, lemon and tangerine seed oils proved to be a good source of essential fatty acids (C18:2 n-6 + C18:3 n-3) with lemon seed oil having more than 50% of linoleic plus linolenic fatty acids.
The citrus oils presented high percentages of palmitic acid (21.03 − 26.42%) among the saturated fatty acids. This characteristic was also found in citrus seed oils by other authors (Ajewole and Adeyeye, 1993; Saïdani et al., 2004; Anwar et al., 2008) .
High contents of unsaturated fatty acids were found in the analyzed oils ranging from 67.55% (orange) to 74.72% (lemon). The total content of saturated (25.28 − 32.45%) and unsaturated (67.55 − 74.72%) fatty acids in the analyzed citrus seed oils were comparable to cottonseed oil (27.8% of saturated and 71.6% of unsaturated fatty acids). Thus these oils, due to their nutritional profile, belong to the polyunsaturated fatty acid (42.24 − 53.27%) class having, principally, linoleic acid (38.89 − 44.31%) associated with palmitic acid (21.03 − 26.42%). Other oils classified in this class are amaranth, niger and cactus pear seed oils (Dubois et al., 2007) .
Antioxidant compounds Tocopherol and carotenoid Values are mean ± SD of triplicate analyses tr: trace level; nd: not detected Different letters in superscript indicate significant differences within citrus species (Tukey test, p < 0.05) * Total phenolic contents are expressed as mg of gallic acid equivalent (GAE)/kg oil orange seed oil. There is a lack of publications about the oxidative stability of orange, lemon and tangerine seed oils. The oxidative stability of orange seed oil was similar to soybean oil (12.47 h) at 100℃ (Del Ré, 2003) . The correlations between the oxidative stability of the oils and their unsaturated fatty acid, tocopherol, carotenoid and phenol contents were assessed. Significant correlations were observed between OSI and unsaturated fatty acids (r = −0.86, p < 0.05), OSI and total tocopherol contents (r = 0.99, p < 0.05) but no correlation was obtained between OSI values and carotenoids and phenolic contents in citrus seed oils. This fact confirms the influence of polyunsaturated fatty acids on the oxidative stability, ie the higher the unsaturated percentage of these fatty acids lower the oxidative resistance of the oil.
Antioxidant activity Regarding to antioxidant activity, all seed oils reacted with and quenched DPPH radicals (Table  3 ). The highest antioxidant activity was displayed by the oil obtained from orange seeds (54.20%), followed by lemon (29.25%) and tangerine (25.56%) seed oils. The orange seed oil presented higher DPPH scavenging activity among the analyzed oils quenching 47.6% of the DPPH in the reaction mixture. The order of effectiveness of oils in inhibiting free radicals was orange > lemon > tangerine. The orange oil also exhibited the best CE 50 (10.75 g oil/g DPPH) and antiradical power (ARP) (9.30 × 10 -2 ).
The antioxidant activity had a significant correlation to unsaturated fatty acids (r = −0.74, p < 0.05) and tocopherol content (r = 0.98, p < 0.05) in the analyzed oils. In commercial oilseeds, Tuberoso et al. (2007) also verified that the free radical scavenging was mainly influenced by tocopherol and polyunsaturated fatty acids contents. Similarly to OSI, the antioxidant activity didn't show correlation to carotenoid and total phenolic contents. These results suggest that the tocopherols are the main natural antioxidants present in these oils.
Conclusion
The amount of lipids obtained from citrus fruit seeds shows the potential that these subproducts have as an alternatve for oil extraction on industrial scale. The results of this study show that oils extracted from orange, lemon and tangerine seeds are a rich source of unsaturated fatty acids, specially essential fatty acids (n-6 and n-3), and also other lipidsoluble phytochemicals such as tocopherols, carotenoids and phenolic compounds. Oils exhibited radical-scavenging activities suggesting that they can inhibit free radicals in vivo. In addition the oil extraction of citrus seeds can have a positive economic value instead of being another agro-industrial waste that is usually discarded.
